Haemophilus ducreyi is the etiological agent of the sexually transmitted disease known as chancroid (58). Although the occurrence of this disease is rare in the United States, it is one of the leading causes of genital ulcer disease in some developing countries (58). The molecular mechanism(s) utilized by H. ducreyi to produce skin lesions has not been identified (52), although a number of putative virulence factors or mechanisms of this organism have been identified. These include several outer membrane proteins (23, 24, 53, 54), two toxins (5, 20, 42, 43), lipooligosaccharide (LOS) (14-16, 25, 28, 56), a copperzinc superoxide dismutase (49, 50), resistance to phagocytosis (2, 62), and the ability to both attach to (4) and invade (57) human epithelial cells in vitro. To date, however, only H. ducreyi mutants lacking expression of the peptidoglycan-associated lipoprotein (26), the hemoglobin-binding outer membrane protein HgbA (7), and the DsrA outer membrane protein (12) have been shown to exhibit reduced virulence in the human challenge model for experimental chancroid.
Haemophilus ducreyi is the etiological agent of the sexually transmitted disease known as chancroid (58) . Although the occurrence of this disease is rare in the United States, it is one of the leading causes of genital ulcer disease in some developing countries (58) . The molecular mechanism(s) utilized by H. ducreyi to produce skin lesions has not been identified (52) , although a number of putative virulence factors or mechanisms of this organism have been identified. These include several outer membrane proteins (23, 24, 53, 54) , two toxins (5, 20, 42, 43) , lipooligosaccharide (LOS) (14-16, 25, 28, 56) , a copperzinc superoxide dismutase (49, 50) , resistance to phagocytosis (2, 62) , and the ability to both attach to (4) and invade (57) human epithelial cells in vitro. To date, however, only H. ducreyi mutants lacking expression of the peptidoglycan-associated lipoprotein (26) , the hemoglobin-binding outer membrane protein HgbA (7) , and the DsrA outer membrane protein (12) have been shown to exhibit reduced virulence in the human challenge model for experimental chancroid.
We previously reported the identification of two extremely large open reading frames (ORFs), lspA1 and lspA2 (Lsp; large supernatant protein), whose predicted protein products have calculated masses of 456 and 543 kDa, respectively, and 86% identity (61) . The H. ducreyi LspA1 and LspA2 proteins are 43% similar over their N-terminal half to the Bordetella pertussis filamentous hemagglutinin (FHA) (22, 46) . The LspA1 and LspA2 proteins contain a central 260-amino-acid region with Ͼ70% identity to the Haemophilus somnus P76 protein, an immunoglobulin-binding protein (21) associated with the ability of this bovine pathogen to resist the complement-mediated bactericidal activity of bovine serum (17, 18) . This same region of both LspA1 and LspA2 has some identity (36%) with the YopT cytotoxin of Yersinia enterocolitica (51, 63) . The protein product of the lspA1 gene can be detected by Western blot analysis as a soluble antigen, with an apparent molecular weight greater than 250,000, that is present in concentrated culture supernatant fluid (CCS) from H. ducreyi 35000 as well as several other virulent H. ducreyi strains (61) . In contrast, we were previously unable to detect reproducibly the LspA2 protein in CCS from several wild-type H. ducreyi strains, including strain 35000, even though the lspA2 gene of this latter strain is apparently transcribed both in vitro and in vivo (61) .
To determine the relevance of the LspA1 and LspA2 proteins to the virulence potential of H. ducreyi, we constructed a set of H. ducreyi 35000HP strains with mutations in the lspA1 and lspA2 ORFs, and we examined the ability of these different mutants to attach to human cell lines in vitro, to resist the complement-mediated bactericidal activity of normal human serum, and to cause lesions in the temperature-dependent rabbit model for chancroid. We report here that an H. ducreyi mutant deficient in the production of both LspA1 and LspA2 was significantly less virulent than its wild-type parent strain in the temperature-dependent rabbit model for chancroid.
MATERIALS AND METHODS
Bacterial strains and culture conditions. The H. ducreyi strains and plasmids used in this study are listed in Table 1 . The human-passaged variant (35000HP) of strain 35000 (8) was used as the wild-type parent strain in this study. Wild-type H. ducreyi was routinely cultivated on chocolate agar (CA) plates at 33°C in a humidified atmosphere containing 5% CO 2 as described previously (45) . Mutant H. ducreyi strains were grown either on CA plates containing chloramphenicol (1.5 g/ml), GC-heme agar plates (37) containing kanamycin (30 g/ml), or CA plates containing both chloramphenicol (0.5 g/ml) and kanamycin (30 g/ml) as necessary. For some experiments, H. ducreyi strains were grown in a modified version of a Columbia broth-based medium, previously described for growing H. somnus (32) , at 33 to 34°C in a water bath with agitation at 140 rpm. This modified medium (sCB) consisted of 35 g of Columbia broth (Difco Laboratories, Detroit, Mich.)/liter, 0.1% (wt/vol) Trizma base (Sigma Chemical Co., St. Louis, Mo.), 25 g of equine hemin (Sigma Chemical Co.)/ml, 1% (vol/vol) IsoVitaleX (Becton Dickinson Microbiology Systems, Cockeysville, Md.), and 2.5% (vol/vol) heat-inactivated fetal bovine serum (JRH BioSciences, Lenexa, Kans.) (61) . H. ducreyi CCS fluids were prepared as described previously (61) . H. ducreyi cells harvested in the early stationary phase of growth were used in the adherence, autoagglutination, and serum bactericidal assays described below because this growth phase correlated with detectable expression of LspA1 in CCS of the wild-type parent strain.
Escherichia coli XL1-Blue (Stratagene Corp., La Jolla, Calif.) was used as the host for general cloning manipulations. E. coli strains were grown in LuriaBertani medium (48) supplemented with ampicillin (100 g/ml), kanamycin (50 g/ml), or chloramphenicol (30 g/ml) when appropriate for maintenance of plasmids. All plasmid constructs used to create isogenic H. ducreyi mutants were transformed into and isolated from E. coli HB101 prior to being used in the mutagenesis protocol (29) .
DNA methods. Plasmid purification, phenol-chloroform extractions, restriction enzyme digests, fill-in reactions using the Klenow fragment of DNA polymerase I and deoxynucleoside triphosphates, agarose gel electrophoresis, ligations, transformation of chemically competent E. coli strains, and Southern blot analysis were performed as described elsewhere (48) . Nucleotide sequence analysis was performed using Big Dye Terminator chemistry and a model 373A automated DNA sequencer (Applied Biosystems, Inc., Foster City, Calif.).
Construction of H. ducreyi mutants. (i) Construction of an lspA1 mutant. A 3.1-kb HindIII-KpnI fragment of the H. ducreyi 35000 lspA1 gene (comprising nucleotides 1775 to 4836 of GenBank accession number AF057695) was subcloned from pDad-5 ( Fig. 1A) (61) into pBluescript II KS(ϩ) (Stratagene) that had been digested with HindIII and KpnI. The resultant plasmid, pCW104, was digested with HpaI to delete a 1.0-kb fragment of the lspA1 ORF and was blunt-end ligated to a 0.85-kb SmaI fragment of pUC18K3 containing a promoterless aphA-3 (kan) cartridge (39) to generate pCW105 (Fig. 1A) . This particular kan cartridge (provided by James B. Kaper, University of Maryland) was designed for the construction of nonpolar insertion mutations (39) . Nucleotide sequence analysis confirmed that this kan cartridge had been inserted properly into the lspA1 ORF. Plasmid pCW105 was propagated in E. coli HB101 and isolated as previously described (9) . Plasmid pCW105 was linearized by digestion with PstI and purified by phenol-chloroform extraction followed by ethanol precipitation, and it was used to electroporate H. ducreyi 35000HP as previously described (29) . H. ducreyi transformants were selected on GC-heme agar plates containing kanamycin (30 g/ml), and one of these, 35000HP.1, was selected as the lspA1 mutant for use in this study.
(ii) Construction of an lspA2 mutant. Plasmid pCW113 (61) containing an internal 6-kb HindIII fragment of the lspA2 gene (nucleotides 3366 to 9329 of GenBank accession number AF057696) was digested with BglII to delete a 1.5-kb region of the lspA2 ORF (Fig. 1B) . A 1.4-kb BamHI fragment containing the chloramphenicol acetyltransferase gene (cat) from pUC⌬Ecat (provided by Bruce A. Green, Wyeth-Lederle Vaccines and Pediatrics) was ligated into this site, and the resultant plasmid was designated pCW116. It is possible that insertion of this particular cat cartridge into an ORF may exert a polar effect. In this construct, the cat ORF was transcribed in the same direction as the lspA2 ORF. Plasmid pCW116 was linearized with SacI, purified, and used to electroporate strain 35000HP as described above. Transformants were selected on CA plates containing chloramphenicol (1.5 g/ml), and one of these, 35000HP.2, was selected as the lspA2 mutant for use in this study.
(iii) Construction of an lspA1 lspA2 double mutant. Plasmid pCW116 was linearized with SacI and was used to electroporate the H. ducreyi lspA1 mutant 35000HP.1 (described above). Transformants were selected on CA plates containing chloramphenicol (0.5 g/ml) and kanamycin (30 g/ml), and one of these, 35000HP.12, was selected as the lspA1 lspA2 mutant for use in this study.
PCR analysis. Wild-type and mutant H. ducreyi strains were subjected to PCR analysis using Taq DNA polymerase (Promega Corp., Madison, Wis.) according to the manufacturer's recommendations. Templates for PCR consisted of either a small amount of bacterial growth scraped from a CA plate, suspended in 25 l of water, and boiled for 5 min (30), or 200 ng of H. ducreyi chromosomal DNA purified as described previously (9) . The lspA1-specific oligonucleotide primers P1 (5Ј-ATGCGAATATCCAGCTCC-3Ј) and P2 (5Ј-GGTTGTGTTACTATGA ACTTCTAAG-3Ј) (Fig. 1A) yielded a 1.6-kb amplicon from H. ducreyi 35000HP and were used for preliminary identification of strains with a mutated lspA1 ORF. The lspA2-specific oligonucleotide primers P3 (5Ј-TTGAATTCGCATCG GTAAGATTTATGCAGGTAG-3Ј) and P4 (5Ј-TTTCTCGAGCCGGTCTGA TTCACATCACCC-3Ј) (Fig. 1B) yielded a 2-kb amplicon from H. ducreyi 35000HP and were used for preliminary identification of strains with a mutated lspA2 ORF.
Characterization of outer membrane proteins and LOS. Cell envelopes and Sarkosyl-insoluble preparations derived from these cell envelopes were prepared as previously described (36) Kodak BioMax film (Eastman Kodak, Rochester, N.Y.) was used for autoradiography. Monoclonal antibodies (MAbs) used in Western blot analysis included MAb 11B7, which binds to both LspA1 and LspA2, and MAbs 40A4 and 1H9, which are specific for the LspA1 and LspA2 proteins, respectively (61). For LOS analysis, H. ducreyi proteinase K-treated whole-cell lysates (44) were subjected to SDS-PAGE using a 15% (wt/vol) polyacrylamide separating gel and stained with silver (59) . N-terminal amino acid sequence analysis of the 40-kDa outer membrane protein was accomplished as described previously (19) . Autoagglutination assay. The ability of H. ducreyi strains to autoagglutinate was evaluated by suspending bacteria from an overnight culture grown in sCB in phosphate-buffered saline (PBS) and measuring the absorbance of this suspension held at ambient temperature over time as previously described (1). Adherence assay. Adherence of H. ducreyi to the human foreskin fibroblast (HFF) (3) and the human HaCaT keratinocyte cell lines (13) was evaluated using a modified version of a previously described attachment assay (1, 55) . The HFF cell line was maintained in RPMI 1640 medium (Mediatech, Herndon, Va.) supplemented with 1 mM sodium pyruvate (Mediatech), 2 mM Gluta MAX-1 (Invitrogen, Grand Island, N.Y.), and 10% (vol/vol) heat-inactivated fetal bovine serum (HyClone, Logan, Utah). The HaCaT cell line was maintained in Dulbecco's modified Eagle's medium (Gibco BRL, Rockville, Md.) supplemented with 2 mM Gluta MAX-1 (Invitrogen), and 10% (vol/vol) heat-inactivated fetal bovine serum (HyClone).
For the adherence assay, approximately 6 ϫ 10 4 HFF or HaCaT cells were seeded into each well of a 96-well tissue culture plate (Corning-Costar, Corning, N.Y.) and incubated at 37°C in a humidified atmosphere of 95% air-5% CO 2 until confluent (approximately 60 h). H. ducreyi strains were grown overnight (14 to 16 h) in sCB, harvested by centrifugation at 6,500 ϫ g, and suspended to an optical density at 600 nm (OD 600 ) of approximately 1.0 (approximately 5 ϫ 10 8 CFU/ml) in the supplemented tissue culture medium used to grow the cell line. Portions of this suspension (2.5 l for HFF cells and 5 l for HaCaT cells) were inoculated in duplicate into wells containing confluent monolayers of cells and 97.5 l (HFF cells) or 95 l (HaCaT cells) of the supplemented tissue culture medium. These plates were centrifuged at 165 ϫ g for 5 min to facilitate contact between the bacteria and the eukaryotic cells and then incubated at 33°C in a humidified atmosphere of 95% air-5% CO 2 for 2 h. Nonadherent bacteria were removed by gently washing each well four times with 200 l of tissue culture medium per well. The washed monolayer in each well was then incubated for 5 to 15 min with 100 l of 0.25% trypsin-0.1% EDTA (Mediatech) per ml diluted 1:5 in PBS. This cell suspension was then diluted and plated to enumerate the number of bacteria attached to the monolayer in each well. To account for bacterial growth during the assay, controls which contained the same amount of tissue culture medium and bacteria, but no eukaryotic cells, were incubated under the same conditions. For each bacterial strain, adherence was expressed as the percentage of bacteria present attached to the eukaryotic cells in duplicate wells relative to the number of bacteria present in the control (tissue culture medium in the absence of eukaryotic cells).
Serum bactericidal assay. The serum bactericidal assay was performed as previously described (60) using 20% (vol/vol) normal human serum.
Virulence testing. The temperature-dependent rabbit model for chancroid has been described elsewhere (45) . Briefly, lesions were scored on days 2, 4, and 7 postinfection according to the following numerical scoring system: 0, no change; 1, erythema; 2, induration; 3, nodule; 4, pustule or necrosis. Statistical analysis of lesion scores using nonparametric methods was performed as described previously (45) . On day 7 postinfection, the animals were euthanized, and the lesions which had been initially inoculated with 10 5 CFU were excised from each rabbit, bisected with a sterile scalpel blade, and rinsed with PBS to recover pustular material. PBS washes were spread onto CA plates to recover viable H. ducreyi cells. creyi lspA1 and lspA2 genes (61), we had to carefully introduce insertions into DNA fragments which contained regions unique to each of these genes in order to construct the H. ducreyi lspA1 mutant 35000HP.1, the lspA2 mutant 35000HP.2, and the lspA1 lspA2 double mutant 35000HP.12, as described in Materials and Methods. Each mutant was initially identified from a pool of antibiotic-resistant transformants by PCR analysis of boiled bacterial colony material using lspA1-specific or lspA2-specific primers (data not shown). Genomic DNA isolated from H. ducreyi mutants was subjected to Southern blot analysis to confirm that proper allelic exchange had occurred and that each mutant contained only a single copy of the appropriate antibiotic resistance cartridge inserted into its chromosome (data not shown).
RESULTS

Construction of isogenic
Characterization of protein expression by wild-type and mutant H. ducreyi strains. We previously reported that we could detect LspA1 but not LspA2 in CCS from the wild-type strain 35000 (61) . Therefore, we examined culture supernatant fluids from the wild-type and mutant H. ducreyi strains described above for LspA1 and LspA2 expression by Western blot analysis. The LspA1-and LspA2-reactive MAb 11B7 bound to an antigen with an apparent molecular weight slightly in excess of 250,000 in CCS from the wild-type strain 35000HP (Fig. 2A,  lane 1) . Probing of the wild-type CCS with the LspA1-specific MAb 40A4 (Fig. 2B, lane 1) revealed two reactive antigens, one with an apparent molecular weight slightly greater than 250,000 and the other with an apparent molecular weight of less than 160,000. Interestingly, the wild-type CCS contained a very weakly reactive pair of antigens, with apparent molecular weights of about 160,000 and just greater than 250,000, that bound the LspA2-specific MAb 1H9 (Fig. 2C, lane 1) . This was the first time that we had detected expression, albeit very modest, of the LspA2 protein by a wild-type H. ducreyi strain.
The CCS from the lspA1 mutant 35000HP.1 contained a MAb 11B7-reactive antigen (Fig. 2A, lane 2) with an apparent molecular weight of slightly greater than 250,000 and which did not bind the LspA1-specific MAb 40A4 (Fig. 2B, lane 2) . It is important to note that the CCS of this lspA1 mutant did contain two soluble antigens, with apparent molecular weights of approximately 250,000 and 160,000, which bound the LspA2-specific MAb 1H9 (Fig. 2C, lane 2) . Therefore, this lspA1 mutant, which did not express LspA1, did express readily detectable LspA2 protein.
The CCS of the lspA2 mutant 35000HP.2 had a MAb 11B7-reactive antigen (Fig. 2A, lane 3) with an apparent molecular weight slightly greater than 250,000. The CCS from this mutant also had two soluble antigens, with apparent molecular weights of greater than 250,000 and less than 160,000, which bound the LspA1-specific MAb 40A4 (Fig. 2B, lane 3) in a pattern identical to that obtained with the wild-type CCS (Fig. 2B, lane 1) . The CCS from this lspA2 mutant did not contain any antigens that bound the LspA2-specific MAb 1H9 (Fig. 2C, lane 3) . Therefore, this lspA2 mutant expressed no detectable LspA2 in CCS but did express LspA1. Finally, the CCS of the lspA1 lspA2 double mutant 35000HP.12 did not react with any of these three MAbs ( Fig. 2A to C, lane 4) .
Whole-cell lysates of these four strains exhibited MAb reactivity patterns that were similar to those of the CCS, except that the number of MAb-reactive bands was greater and these bands were more diffuse in the whole-cell lysates (Fig. 2D to  F) . It should be noted that the whole-cell lysate of the lspA1 lspA2 double mutant exhibited weak reactivity with MAbs 11B7 and 40A4 ( Fig. 2D and E, lane 4) . To address this observation, a new lspA1 lspA2 double mutant was constructed with ⍀ antibiotic resistance cartridges inserted at the very beginning of both the lspA1 and lspA2 ORFs. The whole-cell lysate of this new double mutant lacked reactivity with MAb 11B7, which binds both LspA1 and LspA2 (data not shown).
Characterization of outer membrane proteins and LOS of the mutants. The outer membrane protein profiles of the wildtype strain 35000HP and the three mutants, as represented by the proteins present in the Sarkosyl-insoluble fraction derived from cell envelopes, were virtually identical with the exception of a 40-kDa antigen that exhibited some variability in its expression among these mutants (data not shown). In several independently prepared Sarkosyl extracts, expression of this 40-kDa protein was usually reduced in the lspA1 and lspA1 lspA2 mutants and was sometimes reduced in the lspA2 mutant relative to the parent strain. N-terminal amino acid sequence analysis of this 40-kDa antigen revealed that its first 14 amino acids were VTLYEAEGTKIDLDG. When used to query the H. ducreyi genome database using the FASTA algorithm, this sequence was found to be identical to residues 21 to 34 of the predicted protein encoded by an ORF designated Hd1435 by Munson and colleagues (Robert S. Munson, Jr., personal communication). The predicted protein encoded by ORF Hd1435 has 32% identity with outer membrane protein P2 from Haemophilus influenzae (11) . It should be noted that LspA1 and LspA2 were not detected by Coomassie blue staining of these Sarkosyl-insoluble preparations resolved by SDS-PAGE. No differences were observed in the migration patterns of the LOS FIG. 2 . Western blot analysis of CCS and whole-cell lysates of wild-type and mutant H. ducreyi strains. Equivalent volumes of CCS from four cultures grown and processed simultaneously were used in panels A to C. Whole-cell lysates were prepared as described elsewhere (44) . Proteins present in CCS (A to C) and whole-cell lysates (D to F) were probed with the LspA1-and LspA2 -reactive MAb 11B7 (A and D), the LspA1-specific MAb 40A4 (B and E), or the LspA2-specific MAb 1H9 (C and F Characterization of growth and autoagglutination phenotypes of wild-type and mutant H. ducreyi strains. To determine whether the lspA1 or lspA2 mutations exerted any significant growth defects which would complicate the interpretation of results derived from in vivo testing, we measured the growth rates (i.e., increase in the OD 600 ) of the wild-type and mutant H. ducreyi strains in liquid broth culture. No substantial differences were noted in the growth rates of strains 35000HP, 35000HP.1, 35000HP.2, and 35000HP.12 in sCB over a 10-h time period (data not shown). However, the final density of broth cultures of the lspA1 mutant 35000HP.1 and the lspA1 lspA2 mutant 35000HP.12 was slightly but consistently lower than that of cultures of 35000HP and the lspA2 mutant 35000HP.2.
To investigate whether this latter result may have been due to an increased ability of the LspA1-deficient mutants to aggregate during growth, we measured the OD 600 of suspensions of these strains over time. The two mutant strains which did not express the LspA1 protein (35000HP.1 and 35000HP.12) autoagglutinated much more rapidly than did strains 35000HP and 35000HP.2 (Fig. 3) . In control experiments, the lspA1 lspA2 double mutant 35000HP.12 did not lose viability any more rapidly than did the wild-type parent strain over a 60-min time period in PBS (data not shown); this finding indicates that the relatively rapid decrease in the OD 600 of suspensions of this double mutant was not the result of cell lysis.
Adherence of wild-type and mutant H. ducreyi strains to human cell lines. Because the LspA1 and LspA2 proteins have some similarity to FHA, one of the major adhesins of B. pertussis (38), we evaluated the ability of the wild-type strain 35000HP and the lspA1 lspA2 mutant to adhere to two relevant human cell lines. The lspA1 lspA2 mutant attached to both HFF cells (Fig. 4A, column 3 ) and HaCaT keratinocytes (Fig.  4B, column 3) at levels similar to those obtained with the wild-type strain 35000HP (Fig. 4, column 1) . In contrast, H. ducreyi strain A77, previously shown to be deficient in attachment to HFF cells (6) and used here as a negative control, attached significantly less to HFF cells (Fig. 4A, column 2 ) than did the wild-type strain 35000HP (Fig. 4A, column 1) . These results indicated that the LspA1 and LspA2 proteins likely do not play a significant role in the attachment of H. ducreyi to these cell lines.
Effect of the lspA1 and lspA2 mutations on serum resistance of H. ducreyi. The LspA1 and LspA2 proteins each contain a 260-amino-acid region (amino acids 2763 to 3023 of LspA1 and amino acids 2892 to 3152 of LspA2) with Ͼ70% identity to the C-terminal portion of P76, a protein associated with serum resistance in H. somnus (17, 18) . This observation prompted us to investigate whether the LspA1 and LspA2 proteins could be involved in the ability of H. ducreyi to resist the complementmediated bactericidal activity of serum. H. ducreyi strain 35000HP (Fig. 5, column 2) was relatively resistant to killing by 20% normal human serum. The lspA1 lspA2 mutant 35000HP.12 ( Fig. 5, column 6 ) exhibited only a modest reduction in viable numbers, relative to the wild-type parent strain, when incubated with normal human serum. In contrast, H. ducreyi strain A77 (Fig. 5, column 4) , previously reported to be serum sensitive (31, 41) , was readily killed by this normal human serum and was included in these experiments as a positive control for complement-mediated killing.
Because this same region of the LspA proteins also has some identity with the YopT cytotoxin (46), we constructed a double deletion mutant of H. ducreyi that did not express either the cell-associated hemolysin (3, 39) or the cytolethal distending toxin (16) . However, CCS from this double mutant did not kill either HFF or HeLa cells in vitro (data not shown).
Effect of the lspA1 and lspA2 mutations on the virulence of H. ducreyi. These three mutants and the wild-type parent strain were tested for their ability to produce dermal lesions in the temperature-dependent rabbit model (45) . In two independent experiments, the lspA1 mutant 35000HP.1 (which produced LspA2 but did not express LspA1) and the lspA2 mutant 35000HP.2 (which produced LspA1 but not LspA2) yielded lesion scores that were lower than those obtained with the wild-type parent strain 35000HP (Table 2) . While these differences were very modest, they were nonetheless significant. The number of lesions which yielded viable organisms of each strain was similar (Table 2 ). In two other independent experiments, the lspA1 lspA2 mutant 35000HP.12 also produced significantly lower lesion scores than did the wild-type strain (Table 2) . However, the lesion scores obtained with this double mutant were much lower than those derived from the use of the two single mutants (Table 2) . Moreover, viable lspA1 lspA2 mutants were not recovered from any of the 16 lesions tested (Table 2) .
DISCUSSION
H. ducreyi 35000HP encodes two genes, lspA1 and lspA2, which are present in every H. ducreyi strain that we have examined to date (61) . Despite containing lspA1 and lspA2 DNA sequences, several H. ducreyi strains previously determined to be avirulent in the temperature-dependent rabbit model (6) appeared not to release detectable LspA1 or LspA2 proteins into culture supernatant fluid (61) , raising the possibility that these proteins could be involved in virulence expression in this animal model. To address this issue directly, we constructed H. ducreyi strains containing mutations in either or both of the lspA1 and lspA2 ORFs and examined several relevant phenotypic characteristics of these strains.
Consistent with our expectations, the lspA1 lspA2 double mutant 35000HP.12 did not produce LspA1 or LspA2 proteins detectable in CCS or whole-cell lysates. CCS from the lspA2 mutant 35000HP.2 contained LspA1 but not LspA2 and was, therefore, the same as CCS from the wild-type parent strain with regard to LspA1 expression. When we examined the lspA1 mutant strain 35000HP.1, we discovered that this mutant expressed LspA2 protein that was readily detectable in both CCS and whole-cell lysates. This finding was particularly noteworthy, as this result confirmed that the lspA2 gene had the po- (Fig. 2) . However, it must be noted that the apparent level of expression of LspA2 by the wild-type strain is clearly much lower than that of LspA1 (compare Fig. 2B and C, lane 1). It is also interesting that inactivation of the lspA1 gene resulted in greatly increased levels of expression of the LspA2 protein in this mutant (Fig. 2C, lane 2) . The lspA1 and lspA2 genes are not physically adjacent to each other in the H. ducreyi chromosome, and it is not evident how a mutation in the former results in greatly increased expression of the latter gene product. Both LspA1 and LspA2 can be detected in CCS and in whole-cell lysates by their reactivity in Western blot analysis with specific MAbs (Fig. 2) . Efforts to purify LspA1 from CCS derived from the wild-type strain 35000HP have not been successful to date, thus preventing determination of the amino acid sequence of the N and C terminus of the soluble form of this protein. However, its apparent molecular weight in SDS-PAGE is considerably less than the calculated LspA1 molecular weight of 456,000, a finding which indicates that the soluble form of LspA1 is likely derived from a larger precursor by N-or C-terminal processing or both. We also found that our LspA1-and LspA2-specific MAbs bind at least two different forms of each antigen, with molecular weights of about 250,000 and 160,000 (Fig. 2) . Additional, smaller MAb-reactive bands were even more apparent in Western blot analysis of the whole-cell lysates (Fig. 2D to F) . The presence in SDS-PAGE of several different, smaller forms of a very large protein antigen is well documented, especially for the B. pertussis FHA protein (33) . We have also found that LspA1 and LspA2 can be detected in Sarkosyl-insoluble fractions prepared from H. ducreyi cell envelopes (data not shown), suggesting that these two proteins exist in both a soluble state and in a cell-associated form.
Additional evidence for LspA1 and LspA2 being associated with the H. ducreyi cell surface was provided by the observation that the lspA1 mutant 35000HP.1 and the lspA1 lspA2 double mutant 35000HP.12 autoagglutinated much more readily than did the wild-type strain 35000HP or the lspA2 mutant strain 35000HP.2 (Fig. 3) . One explanation for this phenomenon is that the LspA1 protein may be associated with the cell surface of H. ducreyi in such a manner as to mask another bacterial gene product that promotes aggregation or clumping of H. ducreyi cells. When the LspA1 protein is not expressed by H. ducreyi, this clumping factor may be relatively more surface exposed and allow intercellular aggregation. However, it appears that the LspA2 protein does not function in the same manner (i.e., preventing autoagglutination), because the lspA1 mutant (which expressed the LspA2 protein) readily autoagglutinated. It is also possible that this autoagglutination phenotype could have affected the outcome of the virulence tests by reducing the number of CFU of an lspA1 or lspA1 lspA2 mutant delivered by injection in the animal experiments. However, control experiments indicated that, even after 1 h, autoagglutination did not affect the number of CFU of the lspA1 lspA2 double mutant that were present in 0.1 ml of bacterial suspension expressed from the inoculating syringes (data not shown).
The results of tests in the temperature-dependent rabbit model (Table 2) indicate that expression of both LspA1 and LspA2 is required for full virulence of H. ducreyi 35000HP in this animal system. Inactivation of either lspA1 or lspA2 individually caused a slight but statistically significant reduction in lesion scores (Table 2) , with the lspA1 mutant appearing to be slightly more attenuated than the lspA2 mutant. However, when both genes were inactivated, the resultant lspA1 lspA2 double mutant yielded lesion scores that were much lower than those obtained with either of the two strains carrying a single mutation. This latter result also provides evidence that the autoagglutination phenotype of the lspA1 lspA2 mutant, which was virtually identical to that of the lspA1 mutant (Fig. 3) , was not solely responsible for the greatly decreased virulence of this double mutant. In view of the apparent involvement of the LspA proteins in virulence expression by H. ducreyi in this animal model, it should be noted that, in a recent study which used signature-tagged mutagenesis to identify Pasteurella multocida genes essential for virulence in a septicemic mouse model, two ORFs were identified whose encoded protein products had homology to LspA1 and LspA2 (27) . The P. multocida PfhB1 and PfhB2 proteins have 45% similarity to LspA1 and LspA2, and the predicted PfhB2 protein (3,919 amino acids) is only slightly smaller than LspA1 (4,152 amino acids).
It is interesting that the three mutants constructed for the present study appeared to exhibit some variation in their expression of a 40-kDa outer membrane protein that has similarity to OmpP2 from H. influenzae. It is possible that this 40-kDa protein may interact in some manner with both LspA1 and LspA2 in the wild-type strain and that the absence of either one of these proteins somehow affects the stability or expression of the 40-kDa protein. However, the fact that the lspA1 lspA2 double mutant was substantially less virulent than either the lspA1 mutant or the lspA2 mutant, together with the fact that all three of these mutants tended to express reduced levels of the 40-kDa protein, would suggest that the lack of expression of the LspA1 and LspA2 proteins in this double mutant was the cause of its greatly reduced virulence. To date, efforts to clone either the lspA1 or lspA2 gene into a plasmid vector for use in complementation analysis have been unsuccessful, thus precluding efforts to determine whether restoration of the ability to express LspA1 or LspA2 would result in wild-type levels of expression of the 40-kDa protein.
Both LspA1 and LspA2 have been proposed to be members of the family of gram-negative bacterial proteins secreted by the two-partner secretion pathway (34) . The lspB ORF, located immediately upstream from lspA2, encodes a predicted protein that most closely resembles the B. pertussis FhaC outer membrane protein, which has been proposed to form a ␤-barrel channel in the outer membrane through which FHA is translocated. By analogy with the FhaC/FHA system, it is expected that translocation of both LspA1 and LspA2 to the H. ducreyi cell surface would require expression of a functional LspB protein. Most recently, it was proposed that both LspA1 and LspA2 may contain ␤-helical domains similar to that described for B. pertussis FHA (35) .
While the N-terminal region of both LspA1 and LspA2 shares a moderate level of similarity to proteins involved in the adhesion of B. pertussis (i.e., FHA) and H. influenzae (i.e., HMW1 and HMW2) to host cells (61) , the H. ducreyi LspA1 and LspA2 proteins did not function as adhesins in the experiments described above. The apparent lack of adhesin activity attributable to LspA1 and LspA2 could be the result of the presence of other H. ducreyi adhesins that bind the cell types tested in this study. It is also possible that the LspA1 and LspA2 proteins may bind other cell types (57) or extracellular matrix components (10) . The presence of alternative integrinbinding protein motifs (47) in the N-terminal halves of both LspA proteins increases the likelihood of the former possibility. Efforts to determine conclusively the role(s) of the LspA1 and LspA2 proteins in virulence expression by H. ducreyi are in progress.
